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; * p report j regents 
ron ora 1 protuberance 


the results of the Protuberance Heating Tost Program, 
chaj et, on a flat plate were tested. Preu-.nUi.i on on- 1 


I ' HU’ 


o va 1 uati on of the data hoth on 


the protuberance and in the wake regions are male. 


The test program Is an extension of the General Protuberance Heat Transfer Test. 
The a Mi t ional series of tests was conducted to define the extent of wake heating 
and to assess the effects of Reynolds number variation on heating both on and 
around the protuberances. 

The protuberance models were mounted near the forward end of a six-foot instru- 
mented test plate with stringers that simulated interstage and skirt structure 
of the Saturn S-IVB stage. 

The tests were performed at Mach numbers of 2.^9, 3*51» an< ^ Reynolds 

numbers uer foot of 3 x 10 6 and 1.5 x «r* used for the two lower Mach 
numbers and 3 X 10 6 for a Mach number of 4.44. The test Mach numbers simulated 
the Saturn S-IVB flight conditions during the most severe aerodynamic heating 
period. The test Reynolds numbers were somewhat higher than the flight values, 
but lower values could not be used because of tunnel and instrumentation 
limitations . 

Oil flow runs were made on two representative models at various combinations of 
Mach number and Reynolds number to help define the extent of wake heating. 

The iata are presented in the form of ratios of local heat transfer coefficient 
to flat plate (with stringers) heat transfer coefficient in undisturbed flow 

(h /h ) . 

V c' CO, 3 


The results of the test show that wake heating effects are still present 

25 diameters downstream of the body. It is not known at this time where normal 

flat plate heating returns. The results also show that wake heat transfer 

coefficient ratios (h /h ) increase with increasing Mach number and also 

c' co,s 

increase with decreasing Reynolds number. The disturbance effects in the wake 
region are shown to be dependent on protuberance size within the boundary layer 
and on the bluntness of the afterbody. 

Wake heating data on a smooth plate (without stringers) are included. These runs 
were not specified in the test plan; therefore, calibration of the smooth plate 
was not performed. 
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+ . ^ p ro?ram was conducted for the George C. Marshall 

The Protuberance Heating Test Pxograjn was 

M&r , 7 ini The test program was reques 
Space Flight Center under Contract Mo. NAo "» 

„ , X 066 Authorization vas made by Change 

by Engineering Change Proposal Ho. X06b. 

Order 558. Hie Test Plan was presented in Reference 1. 

The three phases of testing (calibration, wahe heating, and oil flow) were 
auccessfdlly completed with the account of all primary and secondary 

objectives specified in the test plan. 

The information obtained from these tests supplements the information gained 

. Transfer Test (Reference 2) that was per- 

from the General Protuberance Heat Transfer 

formed in April, 1964. 

This report is the presentation and evaluation of the data obtained 
Protuberance Heating Test Program. 



Paragraph 

1. 

1.1 

1.2 

1.3 

2 . 

3 . 

3.1 

3.2 

3.3 

3.4 

4 . 

5 . 

5-1 

5.2 
5 . 2.1 

5 . 2.2 
5 - 2.3 
5 . 2.4 

5.3 

5 . 3.1 

5 . 3.2 

5.4 
5*5 
5 . 5.1 



INTRODUCTION 

Tha Protuberance Heating Test Program 

Test Objectives 

Facility Installation and Schedule 

TEST PROCEDURE 

MODEL DESCRIPTION 

Test Plate * 

Stringers 

Models ........ 

Instrumentation 

RUN SCHEDULE 

RESULTS AND DISCUSSION . 

Calibration Runs 

Wake Heating Runs 

Heat Transfer Data for the Test Plate 0* c /h co 8 ) and on the 
Models (h c ) * 

Wake Heating Along the Protuberance Centerline 

Lateral Variation of h,/h co>s in the Wake Region 

Heating Effects on the Surfaces of Protuberances 

Oil Flow Runs 

Oil Flow Photographs 

Heating Profiles Compared to Observed Wake Patterns. ...... 

Pressure Coefficient Distributions in the Wake Region 

Data Repeatability and Accuracy 

Correlation of Theory and Data 


1 

1 

1 

2 

3 

3 

o 

3 

4 

4 

5 

5 

6 
6 
6 

6 

7 

11 

13 

17 

17 

19 

19 

20 
22 



TABLE OF CONTENTS (Continued) 

Paragraph 

6. CONCLUSIONS 

REFERENCES . 


APPENDIX . . 



L 1ST 0 F ILLUSTRATION 


Figure 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 
11 
12 

13 

ll+ 

15 

16 

17 

18 


Pago 


General Protuberance Shape • 

Protuberance Models Basic Configuration (Side Vlcwn) . . . 

Langley Protuberance Heating Test- Sketch of Tost Plate 
Model 

Typical Heat Bump Total Temperature Histories 

MODEL DRAWINGS AND PHOTOGRAPHS 

Test Plate - Langley UPWT Test 

Protuberance Model No. 2 - Langley UPWT Test .. 

Protuberance Model No. 5 — Langley UPWT Test ........ 

Protuberance Model No. 9 ~ Langley UPWT Test ........ 

Protuberance Model No. .10 - Langley UPWT Test. ....... 

LANGLEI PROTUBERANCE HEATING TEST-HEAT TRANSFER COEFFICIENTS 
AND PRESSURE COEFFICIENTS; CALIBRATION RUNS 

g 

Plate With Stringers; M = 2.49, Re/Ft = 3.0439 x 10 .... 

g 

Plate With Stringers; M = 2.49, Re/Ft = 1.5727 x 10 .... 

Plate With Stringers; M = 3.51, Re/Ft = 2.9434 x 10 
(temperature only) * 

Plate With Stringers; M = 3.51, Re/Ft = I.2896 x 10 
(temperature only) ... .... 

g 

Plate With String ; M = 3.51, Re/Ft = 1.700 x 10 
(pressure only) * * 

Plate With Stringers; M = 4.44, Re/Ft = 3.1985 x 10 . . . . 

Smooth Plate; M = 2.49, Re/Ft * 3.0312 x 10 (taken 

from General Protuberance Heat Transfer Test). . . 

Smooth Plate; M = 3.51, Re/Ft = 2.9667 x 10 6 (taken 

from General Protuberance Heat Transfer Test) 

Smooth Plate; M = 4.44, Re/Ft = 3.2018 x 10 (taken 

from General Protuberance Heat Transfer Test) 


32 


33 

34 

35 

36 
38 
4o 
42 
46 

48 

,J 9 

50 

51 

52 

53 

54 

55 

56 


Flguro 


19-80 

21-22 

83-21* 

25-26 

2T-28 


29-30 

31-32 

33-31* 

35-36 


37-38 
39 - 1*0 
1 + 1 - 1*2 
1 * 3 - 1 * 1 * 
1 * 5-46 


Pap;o 

RATIOS^ (h R /h ffi,iR ) l A Jp 1 ® AW0Pt!R COEFFICIENT 
' 0' GO, d' AND PRESSURE COEFFICIENT ON PLATE WITH 

ammSB A » ««™ «IR0» om „o. 9 

M ° p,l * () and Re/Et o 3.0318 X 10 6 . 

. H 

M = 2.49 and Re/Ft ■ 1.5840 x 10 6 

u „ , 

M = 3.51 and Re/Ft a 2.9514 x 1Q 6 

M 

M = 3.51 and Re/Ft = I.5532 x 10^ 

w I I | c 

M ^.44 and Re/Ft a 3.2185 X 10 6 . 

•*£»* «AW* COEFFICIENT 
' — cOj s AI ® PRESSURE COEFFICIENTS ON PLATE WITH 

sTzimma a® heat wansfer coewicienis (hj m » m ®. 2 


M = 2.49 and Re/Ft - 3.0695 x 10 6 
M = 2.49 and Re/Ft = 1.5705 x 10 6 , 
M = 3.51 and Re/Ft a 2.9789 x i 0 6 ( 
M * 4.44 and Re/Ft a 3.2592 x 10 6 . 


COWICIET 

0' QOf s PRESSURE coefficients on plate with 

sms A® HEAT COEFFICIENTS (h , 0» MOO® “ 

c * 


*67-68 

>69-70 

71-72 

73-74 


M * 2.49 and Re/Ft = 3.0394 x 10 6 
M = 2.49 and Re/Ft = 1.5546 x 10 6 
M * 3 ‘51 and Re/Ft a 2.9698 x 10 6 , 

M " 3,51 and Re/Ft = 1.5614 x 10 6 . 
M a 4.44 and Re/Ft a 3. 1722 x 10 6 . 


*75-76 

*77-78 

.79-80 

, 81-82 

,83-84 


Flfturo 


Pap,o 


iiY-nn 

)i9-6n 

51-52 

63-5>i 

55-56 


57 

58 
s 9 

60 

61 


62 

63 

a 


65 


66 


JANQLW HiOTURERANCE HEATING TROT-HEAT TRANSFER COEFFICIENT 
RATIO,'! (h /h ) AND JHEGSURE COEFFICIENTS ON PLATE WITH 

STRINGERS AND HEAT TRANSFER COEFFICIENTS (h,) ON MODEL NO. 5 

M o R ,)|9 rind Hn/Ft a 3.0264 x 10 ’ 

M a ;>,)|<) and Ro/Pt a 1.6686 x If/', My-HP, 

M <= 3.61 and He/Ft = 2.0361 x 10 f) Hu-un 

M = 3.51 and Re ./Ft = 1.6^6 x 10 fl 91- 92 

M - li.UU and Re/Ft » 3 . 18*18 x 10 6 93- l > 


LANGLEY PROTUBERANCE HEATING TEST-HEAT TRANSFER COEFFICIENTS 

(h ). RATIOS (h /h ) AND PRESSURE COEFFICIENTS ON THE 
' c ’ C CO 

SMOOTH PLATE WITH MODEL NO. 9 ATTACHED 


M = 2.49 and Re/Ft « 3.05P9 x 10 6 
M = 2.49 and Re/Ft = 1.5578 x 10 6 
M - 3.51 and Re/Ft « 2.9475 x 10 6 
M« 3.51 and Re/Ft = 1.5519 x 10 6 
M = 4.44 and Re/Ft = 3.1983 x 10^ 


95 

96 

97 

98 

99 


DOWNSTREAM HEAT TRANSFER COEFFICIENT RATIOS (h /h ) ALONG 
THE PROTUBERANCE CENTERLINE C C °’ 


Effects of Mach No. and Reynolds No. Variation on Heating 
Behind Model No. 9 ..... . 

Effects of Mach No. and Reynolds No. Variation on Heating 
Behind Model No. 0 ............. 

Effects of Mach No. and Reynolds No. Variation on Heating 
Behind Model No. 10. ................. . 


Effects of Mach No. and Reynolds No. Variation on Heating 
Behind Model No. 5 ................... » • 1^3 

LATERAL HEAT TRANSFER COEFFICIENT RATIOS (h /h ) IN THE 

C CO « L> 

TURBULENT WAKE REGION 


Effects of Mach No. and Reynolds No. Variation on Heating 
Behind Model No. 9..* It 4 


kI 


Figuro 


Effoctn of Mach No, find Roynoldn No, Variation on Boating 
Behind Modal No, 2 , 


67 


68 


69 


TO 

Tl 

72 

73 
7*» 

75 

76 

77 

78 

79 


80 

81 


82 


83 


Effootn of Maoh No, and Roynoldn No. Variation on Boating 
Bohind Modal No. 10 

Effootn of Maoh No. and Roynoldn No. Variation on Boating 
Bohind Modal No, 9 


®! RATIO OF MODEL HEAT TRANSFER COEFFICIENT TO FIAT PIATE 
IU'AT 'TRANGFER COEFFICIENT 


Axiul and Cross-Sectional Distribution on Model No. 9. . , 

Axial and Cross-Sectional Distribution on Model No. 2. . . 

Axial and Cross-Sectional Distribution on Model No. 10 . . 

Axial and Cross-Sectional Distribution on Model No. 5. . . 

Model No. 9 at M a 2.1<9 and Re/Ft » 1,5 x 10^. ...... 

Model No. 9 at M = 2.1*9 and Re /Ft = ?. x 10^ 

Model No. 9 at M = 3.51 and Re/Ft = 3 x 10^ 

Model No. 9 at M a U . 1+1* and Re/Ft = 3 x 10^. . 

Model No. 5 at M = 3.51 and Re/Ft = 3 x 10^, Upstream 

Photograph 

Model No. 5 at M * 3.51 and Re/Ft » 3 x 10^, Downstream 
Photograph . 

LATERAL HEAT TRANSFER COEFFICIENT RATIOS (h /h ) 

' c' 00,0' 

SUPERIMPOSED ON OBSERVED OIL FLOW PATTERNS 

Model No. 9 at M « 2.1*9, 3.51, and 1*.1*1* and 

Re/Ft = 3 x 10 6 

Model No. 5 at M a 3.51 and Re/Ft = 3 x 10^. . . 

PRESSURE COEFFICIENTS IN THE WAKE REGION 

Model No. 9 . . . . 

Model No. 2 ........ ........ 


Pago 

105 

],Ob 

M 

108 

110 

112 

114 

116 

117 

118 

119 

120 
121 


122 

123 

124 

125 


Rll 


Fi^u-n Fhnn 

o>+ Moans, no. 10 . . , , 

Bp Motlol No. 9 ipy 

COMPARISON OP THEORY AND LATA 

Bd Toot Plato 

B? Centerline Surfaces or Model No. 9 129 

BO Centerline Surfaces of Model No. 2 130 

09 Centerline Surfaces of Model No. 10 131 

90 Centerline Surfaces of Model No. 5 I32 

LIST OF TABLES 

Table Page 

1 Location of Instrumentation Thermocouples and 

Pressure Taps - Langley Test 27 

2 Langley Protuberance Heating Test-Run Schedule 30 


mttt 


LMTHObllcriOli 


1.1 " r ll.mtl^ .!tJ2a3B!2a 


— " — H 

(IMVronce i!) «<■ the Langley he ' 

became apparent that would W *»!»-.* to further «!»• 

the eft’ectu of wake boating and to determine the effect,. of heynoihu 

variation on heating both on and around protuberance,*. «* P «*•- — 

of wind tunnel tenth had given wake heating data up to ten pr tuber, ah. 

, t ,, * t « i W ’.'„ nominal 

diameters downstream where heating effec so 
flat plate heating were seen to exist. 


1.2 Test Objectives 

f this test was to define the wake heating region behind 
The primary purpose of this test 

various shaped protuberances so that structural temperatures and insulation 
requirements for Saturn stages could more accurately he determined. Second- 

. the effects of boundary layer immersion on 

ary objectives were to define the ejects o 

ooonn the effects of Reynolds number varia- 

protuberance forebody heating, a 

. ^ ™.n+»berances and determine flow field 

tion on heating both on and around protuberances 

patterns using oil flow techniques. 

4 . a 1 and 2) were choBen to most 

The four model configurations tested (fig 

nearly satisfy the specified test objectives. 


1,3 Facility Installation and Schedule 


The four test models and test plate were the same as those used in the 
General Protuberance Heat Transfer Test (Reference 2). The plate was 
installed on the tunnel door as had been done for previous testing (Ref- 
erences 2 and 3). To effectively lengthen the instrumented wake heating 
region, the following modifications were made: 

a. The model attach point was moved forward to the back-up plate, 

36.4 inches from the original position on the test plate. 

b. The stringers were extended 24 inches forward of the test plate 
onto the tunnel sidewall. 

System continuity checks revealed that approximately 30 percent of the 
thermocouples were inoperative. Corrosion of the iron wires of the thermo- 
couples during the one-year storage period between tests was responsible for 
the failure of the temperature sensors. All of the test plate and model 
thermocouples were reworked to insure the integrity of the instrumentation 
system. 

The test plate was installed in the tunnel on 23 July 1965 • Testing was 
started on 26 July 1965 , and completed on 29 July 1965* The test models 
and stringers were removed from the tunnel and shipped back to Douglas, 
Santa Monica. The test plate was left at the Unitary Plan Wind Tunnel. 

The entire Protuberance Heating Test Program proceeded very smoothly from 
the time of model delivery and test setup through the completion of testing. 


2. TEST PROCEDURE 


The instrumented test plate used in the previous series of tests was 
installed flush on the tunnel sidewall. The various models were attached 
to the forward end of the plate for testing (figure 3). 

The method used for determining heat transfer coefficients (Reference 4) is 
outlined in detail in the Appendix. The method basically consisted of 
determining the heat transfer coefficient as a function of time by measuring 
the transient wall temperature (outside skin of the test plate) during a 
period in which the wall temperature was increasing. The total temperature 
differential for heat transfer testing was obtained by bypassing the tunnel 
cooling system. The rise in total temperature took place over a period of 
several seconds and was dependent on the Mach number. As the total tempera- 
ture rose, the automatic data recording system was activated. The thermo- 
couple readings were recorded after the peak total temperature was reached. 
Typical heat bumps for the three test Mach numbers are given in figure 4. 


3 . model description 


3.1 Test Plate 

The test plate was a flat laminated plate 60 inches long and 40.75 inches 
wide, as shown in figure 5. lb consisted of a 0.047 inch stainless steel 
(347 cres) test surface insulated by a 0.375 inch thick hexagonal fiberglass 
honeycomb section bonded to a 0.125 inch stainless steel (347 cres) waffle 
backing plate. The plate was mounted flush with the tunnel wall on the 


access door of the test section and was instrumented with 123 thermocouples 
and 12 pressure orifices. 

3.2 Stringers 

Ten removable stringers of sheet laminated phenolic, a material of low 
thermal conductivity, were spaced 2 inches apart (on centers) on the test 
plate surface. The stringers were 0.5 inch square with leading and trailing 
faces scarfed at an angle of 30 degrees with the plate surface. The 
stringers extended forward approximately 2k inches from the leading edge 
of the plate and were attached to the tunnel sidewall. Two of the stringers 
were channeled to allow for the routing of the model instrumentation wiring. 

3*3 Models 

The models were electroformed shells of nickel, O.OkO inch thick, with 
laminated phenolic bases for insulation. The following four models, shown 
with instrumentation locations in figures 6 through 9> were used in the 
test : 


Model No. 

Forebody 

Angle 

Centerbody 
Height, Cal* 

Centerbody 
Length, Cal* 

Afterbody 

Angle 

2(Mg) 

15° 

1.0 

2.5 

30° 

5^) 

15° 

1.0 

2.5 

90° 

9(Mq) 

30° 

0.5 

0.5 

30° 

1— J 
O 

& 

o 

30° 

2.0 

2.0 

30° 


*1 caliber =5.0 inches 


3.4 Instrumentation 


Temperature measurements on the models and test plate were obtained as a 
function of time by means of thermocouples. The thermocouples were iron- 
constantan potted with pure tin into 0.0 3 0 inch diameter holes. The wires 
were insulated with No. 26 gage nylon. Pressure taps on the plate were 
0.0625 inch O.D. by 0.012 inch wall stainless steel tubing. 

Table 1 presents the locations of instrumentation for the plate and models 
Dimensions are given in relation to the model attach point. 


4 . RUN SCHEDULE 



The 

Protuberance 

Heating Test run schedule 

is presented in table 

2. 


The 

tunnel conditions (total pressure and 

temperature) measured 

after the 


heat bumps are listed for the various Mach numbers and Reynolds numbers: 

* *. 


Mach Number 

Reynolds Number 
x 10- 6 

P T 

psfa 

t t 

QR 

V 


2.49 

3.0439 

3225 

720 

n 


2.49 

1.5727 

1659 

717 

r . 


3.51 

2.94 3 4 

5373 

713 

h 


3.51 

1 .2896 

2356 

712 

Q 


4.44 

3.1 q 35 

8657 

683 


5 


5. RESULTS AND DISCUSSION 


5.1 Calibration Runs 

The calibration data obtained from the flat plate with stringer configura- 
tions are given in figures 10 through 15 for the various combinations of 
Mach numbers and Reynolds numbers tested. The data from three calibration 
mins fur the flat plate without stringers are included in figures 16, IT 
and 18. These data are taken from the General Protuberance Heat Transfer 
Test (Reference 2). They are used as reference values to determine the flat 
plate heat transfer coefficient ratios with Model No. 9 on the smooth test 
plate (Runs 6-k through 6 - 8 ). Calibration runs were made only on the test 
plate with stringers since all of the scheduled protuberance runs specified 
that configuration. 

5.2 Wake Heating Runs 

5.2.1 Heat Transfer Data for the Test Plate (h G /h COtS ) and on the Models (h c ) 

Heating effects both on the model surfaces and on the test plate surface in 
the wake region are presented in nirmal view layout in figures 19 through 56 . 
Pressure coefficients on th'-j test plate are also given for the entire range 
of Mach numbers and Reynolds numbers tested. The heating data on the models 
are presented in terms of local surface heat transfer coefficient, h . The 
heating data in the wake region are given as the ratio of surface heat 
transfer coefficient to fLat plate (with stringers) heat transfer coefficient, 
(h /h ) . 

v c' CO, s' 


6 


Wake hooting and pressure coefficient data are presented in figures 57 
through 6l for Model No. on the smooth test plate. Those five runs wore 
made to provide supplementary data. The data from the runs made at the high 
Reynolds number (3 x 10 6 /ft) are presented in terms of h c /h cQ with the 
reference values of h cQ taken from the data obtained during the General 
Protuberance Heat Transfer Tests (Reference 2, Runs: 1-1, 1-2, and 1-3). 

The data from the runs made at the low Reynolds number (1.5 x 10 /ft) are 

presented as h c . 

It is noted that the heat transfer coefficient ratios tend to be somewhat 
higher in the wake region for the smooth plate without stringers. 

5,2.2 Wake Heating Along the Protuberance Centerline 

A presentation of the wake heating data along the centerline of the 
protuberances showing the effects of Mach number and Reynolds number is made 
for the four models in figures 62 through 65 . The data are presented in the 
dimensionless form of h c /h co>8 versus x/d (distance behind the protuberance/ 
protuberance diameter). 

The size of the test models and stringers with respect to the boundary layer 
thickness (z/6) simulates the range of Saturn vehicle protuberance z/6's. 

The test Mach numbers correspond to the local Saturn V/S-IVB flight values 
during the period of significant aerodynamic heating. Test Reynolds numbers 
are substantially higher than the flight values through most of the aero- 
dynamic heating regime. Tunnel and instrumentation limitations prevented 


7 


n closer simulation of Reynolds number. The relationship between the flight 
and tent parameters In shown below: 



It has been determined from the test data that h/h in the wake region 

G GO $ o 

after the point of flow reattachment generally varies directly with Mach 
number and inversely with Reynolds number. The local Reynolds numbers on 
the S-IVB stage are from 15 to 85 percent lower than the lowest test 

O £ 

Reynolds number (Re = 10 or Re/ft = 1.5 x 10 ) at the time of maximum 


aerodynamic heating. Using a linear relationship, this represents a 
5 to 20 percent increase in h /h . The divergence between flight and 
test Reynolds numbers increases after the point of maximum aerodynamic 


heating; however, the percentage increase of h/h (between the high and 

C CO , s 


8 


low tost Reynolds numbers) diminishes with increasing Mach number. The 
extent of the increase in h c /h GQ due to flight avid teat Reynolds number 
variation over the entire aerodynamic heating regime can only be estimated. 

As an example, the Saturn V/S-IVB h /h values would be increased 5 to 
20 percent (depending on the location being analyzed on the S-IVB stage) 
over the values determined at M = 2.4 f v and Re/ft = 1.5 x 10 . 

Additional wa*e heating data at Mach numbers 2,49 and 3.51 would be useful 
in order to better determine the extent of the increased h c / h CO)S due t0 
Reynolds number reduction. 

5. 2. 2.1 Model No. Q (M q + P ± ) 

It can be seen in figure 62 that the h /h ratios reach a maximum value 

C CO y O 

Just aft of the conical afterbody of Model No. 9. The decrease in h c /h cQ 8 
is small for x/d greater than 10. At M = 4.44, heating up to 1.6 times the 
flat plate value still exists 23 diameters downstream. 

The trend of increased h c /h co>s with an increase of Mach number and a 
decrease in Reynolds number is apparent. However, it is noted that as the 
Mach number increases, the incremental rise in h c /h COjS due to the Reynolds 
number variation decreases. 

5.2.2. 2 Model No. 2 (Mg + P^) 

Contrary to the trend observed for Model No. 9, there is a sharp decrease in 
h c /h COjS with Mach number just downstream of the afterbody of Model No. 2 
(figure 63). At approximately three diameters downstream, the heating 
approaches flat plate values for M = 3.51 and 4.44. At six diameters 


9 


downstream, the heating approaches the same direct relationship to Mach 
number as was observed with Model No. 9* 

The variation in h /h between Model No. 9 and No. 2 results from the dlf- 
c co, a 

ferences of protuberance height (z) and boundary layer height (6). For Model 
No. 9 and No. 2, z/6 =0.1*2 and 0.83, respectively. Data from Reference 2 
have shown that forebody angle has little effect on wake heating. 


5. 2 .2. 3 Model No. 10 (M^ + P^ 


Values of h /h peak directly behind the afterbody of Model No. 10 in 

C CO ^ s 

inverse relation to Mach number (figure 64 ). At 3.5 diameters aft, the 

direct relationship of Mach number to h /h exists as was noted in the 

c' co $ s 

previous models. It is noted that the h /h increase due to the 

c' co,s . 

6 

reduction in Reynolds number (Re/ft = 1,5 x 10 ) approaches 25 percent 

for M = 2.49, but the incremental increase of h /h diminishes as the 

c' co,s 

Mach number increases. 


The effect of protuberance height on the magnitude of wake h /h is 

C CO j s 

apparent. Values of h /h in the wake region behind Model No. 10 

C CO j s 

(z/6 = 1.66 inches) are up to 150 percent higher than the values in the 
wake region of Model No. 9 (z/6 = 0.42). 


5. 2 .2. 4 Model No. 5 (M_ + P, ) 
5 1 


The heating in the separated region directly behind the blunt afterface 
of Model No. 5 (figure 65) is as low as 20 percent of flat plate values. 
The pressure returns to freestream values at 3 to 4 diameters downstream 


accompanied by an increase in wake heating,. The direct relationship of 
hc /h GO<0 to Mach number exists after one diameter downstream, but the 
heating levels for the various tent parameters are somewhat lower than 
thooo for the conical ufterbody conf igurationu. 

5 . 2.3 Lateral Variation of 1^/1^^ in ^ le Wttl:G Region 

The Laterul variations of h c A c0)S in the wake region (figures 66 
through 6‘0 show the effects of Mach number and Reynolds number for the 
four model configurations. The profiles of h/h^ are given as functions 
of x/d and y/d (downstream distance/model diameter and lateral distance 
from centerline/model diameter, respectively). It is noted that the 
lateral disturbance patterns vary inversely with e /6 (model height/ 
boundary layer height). This is particularly evident at the highest 

Mach number. 

5. 2. 3.1 Model No. 9 (M q + P x ) 

The disturbed heating effect in the wake region of Model No. 9 (figure 66 ) 

is restricted to a relatively narrow width (y/d < l) for the test Mach 

numbers of 2.4Q and 3-51. The disturbance pattern widens substantially 

at the highest test Mach number, 4.44, and appears to extend beyond, the 

lateral limits of the instrumentation in the wake region up to 16 diameters 

downstream. For y/d greater than one, the effect of Reynolds number on 

h /h is negligible. * 

c eo,s 
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5. a. 3.2 Mod el No. ?. (M,, + P 1 ) 


The < I J fsLiir l.r •<! heating olToet In the wake region of Model No, extends 
approximately 2.5 diamotoro laterally from the model center ! Jw for all 
Mach numhorn (figure (?{). Thu reduet toit In Royuoldii number (from 
He/ft a 1 x 1(/' to 1.5 x J.0 1 ’) general Jy results in a small increase In 

h /h 

e oo, u 

5. P.3.3 Model No. 10 (M 10 + P,) 

The disturbance pattern in the wake region of Model No. 10 is confined 
to approximately one model diameter from the centerline for all Mach 
numbers (figure 68). The increase in h /h with reduction in Reynolds 

C CO 9 0 

6 6 

number (from Re/ ft » 3 x 10 to 1.5 x 10 ) is more apparent for this 
model than for the smaller models (Nos . 9.2, and 5 ) « 

5. 2. 3. 4 Model No. 5 (M q + P.^ 

The lateral dimensions of Model No. 5 (figure 69) are the same as Model 
No. 2. The heat transfer coefficient ratios just behind the blunt after- 
face are low as noted in the discussion of h /h , along the centerline 

c co, s 

(Section 5.2.2.U). The heating ratios generally increase with a reduction 
in Reynolds number (Re/ft = 1.5 x 10 ). As in the case of Model No. 2, 
the disturbed heating pattern diminishes ao approximately 2.5 diameters 


from the centerline. 


I 

{ 


q 

'I 



•; , j? . I, Heating Effect n on t ho Qu rfaoon of Protuberances 

Tho heat, t run n for qoolTloJnnt ratio distributions both axially along the 

o on tori. I no of the models nnd at various instrumented orans-sectlons are 

presented for tho four models i»» ('JRuron 70 through 71. The axial 

dlntrllwt ions of h Q /h ore. plofctod vorouo tho tUmsnolonloos paramotor x/l 

(attttion distance from tho forobody Up/total protuberance -length) for all 

teat Mach numbers and Reynolds numbers. The cross-sectional plots oi 

h /h versus 2/0 are presented for all Mach numbers at Re /ft a 3 k 
c' co ,s 

at Instrumented points on the fore bodies, centerbodies , and afterbodies of 
the models. It is noted that h Q /h C0>8 on the surfaces of the protuberances 
increases with increasing Mach number and also increases with decreasing 
Reynolds number as was the condition in the wake region. 

The heat transfer data on the surfaces of the models are presented in the 
form of ratios of heat transfer coefficient on the model surface to flat 
plate (with stringers) heat transfer coefficient ( h c / h c0>B )* This method 
of presentation is intended only for the purpose of comparison between models 
and a given set of flow parameters. It is not suggested that the h c / h c0)a 
values be used to determine the heating rates on the surfaces of protuber- 
ances. Analytical studies (unpublished internal reports) using the h c /h co>8 
values on the protuberance surface have resulted in poor correlation. 


5.2.4-. 1 Model No. 9 


It is seen in figure 70(a) that heating on the forebody increases with 
increasing 2/6 as expected. However, it would be expected that heating at 


the forward end of the centerbody would be somewhat lower than at the aft 




• r ~ ■! •vr 




nruJ of the cantarbcdy, It arm bn noon from t.ho data that apparently thn 
heating wan much higher at thn forward and of the aantnrbndy, Beaaune of 
thin peculiar trend in the data, it wan nunpnatod that two-dimannional boat 
trnunfer effeotn for thin small model worn nignifiount , From an analynin, it 
han boon dotormlnod that a ouhntantiai amount of hr at wan a on dun bod from thn 
hot forobody to the relatively eooi forward unction of thn uontoibody. Thin 
condition reuultod in a centerbody okin temperature rloo (AT) that wao 
greater than would occur from one dimenoional convective uerodynumlc heating 
alone. The same type of conduction effects occurred at the forward end of 
the afterbody, i.e. , receiving heat from the centerbody. The effects of 
conduction were the most prominent on Model No. 9 which was the smallest 
model tested. 

The heat transfer coefficients calculated from the temperature response 
(see Appendix) of the thermocouple do not include the effects of conduction. 
The heat transfer coefficients in the areaB discussed have been adjusted to 
account fur the conduction effects in Model No. 9 (Section 

The heat transfer coefficient ratios (h /h ) generally vary directly with 

C' CO y S 

Mach number and vary inversely with Reynolds number. 

Distribution of h c /h CQ B along the model periphery at various station planes 
are given in figure 70(b). The heating gradients are large on the high 
heating areas of the forebody due to immersion of the surface in the 
boundary layer.. The heating ratios are essentially constant for each Mach 
number at the aft portion of the centerbody. A small reverse heating 
gradient occurs on the afterbody. 


Thn U /li vahmn on l.he (Wnbody of Model Mo, 2 (figure T<(n.) ) nr n 
r oo ,n 

somewhat hi gher than those oh Mode- 1 Mo. M (figure T* 1 (n.)) and are over 
novnn Union I, ho iMi.it plate ve/lens n I, M *i .Mi . An expected, 1ho heating on 
iho I’oi'ol ,dy In (|.o|»oiidoHl OH tho Pornbody nsrl'aun angle and l.lio innnorsl on 
In 1,1.0 In mrnlnry layer. Model No. ban u forebody angle ol’ 1'; dogrooo and 
i, 0 approximately M'.> percent of the boundary layer height. Model No. •) has 
u fore body angle of 30 degrees and in approximately hP. pevoent of the 


boundary layer height. 'I'he compensating effects of forebody angle and 
boundary layer immersion on h c /h, Ot0 can be seen by comparing the two mode in 
at each Mach number. The h,/h co ^ values allow the usual direct relation- 
ship to Mach number and inverse relationship to Reynolds number except on 
the afterbody. Here the inverse relationship to Mach number is noted. The 

h /h vaiues approach 1.0 as x/i approaches 1.0. Conduction effects 
c co,s 

along the surface of Me el No. 2 are not as apparent as was noted for 
Model No. 9. The thermocouples are located a greater distance from the 
juncture points making the conduction effects less pronounced. The h c /h co>Q 
profiles along the centerline of the model are essentially those that would 
be expected except at the aft end of the centerbody. Theoretically the 
heating on the centerbody increases in the aft direction. Conductive heat 
losses from the aft end of the centerbody into the relatively cool after- 


body result in heat transfer coefficients that are somewhat lower than 


would he expected. 


Distribution of 0 along the model periphery at five station locations 

are given in figure 71(b). The heating gradients [A 0\> COjS )/ A (»/ & )] 


vary directly with Mach number except on the afterbody. The effect of 

boundary layer immersion on h /h is most pronounced on the forebody. 

The h /h values at the forward end of the afterbody are approximately 
c co,s 

equal to those on the afterface of Model No. 5 (figure 73(a) and 73(b)) 
that is located in a region of separated flow. This similarity would 
indicate that flow separation is occurring at the forward end of the after- 
body of Model No. 2. 

5. 2.4. 3 Model No. 10 

The heat transfer coefficient ratios on the forebody surface of Model No. 10 
(figure 72(a)) are highest where the surface extends outside of the boundary 
layer (x/i = 0.35). The heating on the forebody decreases with immersion 
in the boundary layer. 

The h /h profiles along the centerline of the model are in agreement 
c co,s 

with theory. The magnitude of h c / h co s varies directly with Mach number 

and inversely with Reynolds number on the forebody and centerbody. On the 

afterbody, the opposite condition exists. The k c / h c0 g values approach 1.0 

9 6 

as x/i approaches 1.0 (except for M = 2.49 and Re/ft = 3 x 10 where the 
h /h \ alue approaches 2.0). 

C CO ;S 

Distribution of h /h along the model periphery at four station locations 

C CO y 8 

are given in figure 72(b). Large h /h gradients exist m the forebody 

C 

and are in direct relation to the Mach number. The variation in h /h 

C CO ^9 

around the periphery of the centerbody and afterbody is small. 
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5 . 2 . 4 . h Model Mo . 5 

The axial and cross-sectional distributions of h /h for Model No. 5 are 
given in figures 73(a) and 73(b), respectively. The Model No. 5 forebody 
and centerbody configurations are the same as Model No. 2. Heating profiles 
in these areas are similar to those of Model No. 2 (see Section 5«2.1+.2) 
considering the variation in tunnel flow parameters. 

The heat transfer on the afterface is from 20 to 50 percent of flat plate 
values as would be expected. 

5.3 Oil Flow Runs 

The oil flow phase of the test was conducted to determine flow field patterns 
that develop in the wake region behind a protuberance. The oil flow patterns, 
although not a sensitive indicator of all the flow parameters affecting the 
heat transfer, were expected to delineate the flow boundaries and possibly to 
indicate the types of flow involved in wake heating. Two model configurations 
(No. 5 and No. 9) were tested on the smooth plate without stringers at various 
combinations of Mach number and Reynolds number . The testing was conducted on 
the smooth plate because it was believed that the oil flow patterns would not 
develop clearly on the irregular surface of the plate with stringers. Further, 
previous test data (Reference 2) indicated that stringers have little effect 
on wake patterns. 

5.3.1 Oil Flow Photographs 

Oil flow photographs of the wake region behind the two model configurations 
wore obtained by means of a wide-angle-lens camera. The oil flow technique 
(Reference 5) consists of coating the test surface behind the protuberance 




with a high viscosity oil. The oil has a fluorescent dye in suspension 
that becomes luminescent when exposed to ultraviolet light, making it 
possible to observe the formation of the wake patterns. 

5. 3. 1.1 Model No. 9 (Mq + P g ) 

Figures 74 through 77 show the wake patterns behind Model No. 9 for the 
three test Mach numbers. Oil flow patterns were taken at Re/ft = 3 x 10 
and 1.5 x 10^ for M * 2.49 (figures 74 and 75, respectively). Oil flow tests 
at M = 3.51 and 4.44 were r*m only at Re/ft * 3 x 10^ (figures 76 and 77, 
respectively) . 

The wake asymmetry noted in the photographs indicates some cross flow in the 
tunnel sidewall boundary layer. Also, the asymmetry may be partially 
attributable to the oil pattern sagging on the sidewall (gravitational 
effects) for the lower flow rates at M = 3.51 and 4.44. 

The wake patterns at M « 2.49 appear to be very similar for the two Reynolds 
numbers except in the area directly behind the afterbody where a darker 
(scrubbed) surface appears for the lower Reynolds number. A somewhat higher 
heating rate is associated with this region. The dark region near the tip 
of the model afterbody is an area of high pressure and is also accompanied 
by an increase in heating. The lighter area forward on the afterbody is a 
region of low pressure associated with a low heating rate. 

The oil flow patterns teken at M » 3.51 and 4.44 are similar to each other 
and are somewhat narrower than the patterns observed at M = 2.49. This 
trend of wake narrowing with increase in Mach number is reversed from the 
trend of the heating profiles where it was observed (Section 5. 2. 3.1) that 
the lateral disturbance effect increases with Mach number. 



5. 3.1.2 Model No 


5 (M 5 -i- P g ) 


The upstream and downstream portions of the wake at M = 3.51 and Re/ft = 

g 

3 x 10 are shown in figures 78 and 79, respectively. The formation of the 
highly separated region behind the blunt afterbody is readily apparent. The 
existence of eddies on the test plate directly behind the model is visible. 

The maximum width of the observed wake is approximately 3.5 model diameters 
compared to k diameters for Model No. 9 at the same tunnel conditions. 

5.3.2 Heating Profiles Compared to Observed Wake Patterns 

The lateral heating profiles, h/h , axe superimposed on the associated 

C CO j s 

oil flow wake patterns in figures 80 and 8 l for Models No. 9 and No. 5, 
respectively. The disturbance area is confined to the observed wake region 
behind Model No. 9 at M = 2.49. However, the high heating region is seen 
to extend laterally well beyond the observed wake at M = 4.14. 

The observed wake pattern behind Model No. 5 (figure 8 l) generally corresponds 
to the disturbed heating profiles . 

5 • 4 Pressure Coefficient Distributions in the Wake Regions 

Pressure coefficient (C p ) profiles are presented in figures 82 through 85 
for the four models at all t^st conditions. These profiles are developed 
from data obtained from a row of pressure taps running the length of the 
test plate between the second and third stringers (from the centerline). 

The geometrical relationship of the pressure sensors to the wake regions of 
each model varies. Therefore, the profiles cannot be directly compared to 


each other. 


It is noted that freestream pressure (C « 0) essentially exists from 3 to 

P 

6 diameters downstream of the models. The negative pressure coefficients 

that appear at the rear of the plate are possibly due to faulty calibration 

of these sensors. This negative C condition exists on the calibration 

P 

runs also. Previous tests using the same configuration do not show this 
negative condition to exist. 

A low pressure region (negative C^) is observed 1 to 2 diameters behind 
all of the models except Model No. 9 (figure 82) where data are not obtained 
until 4.5 diameters downstream. 

It can generally be stated that the absolute values of the pressure 
coefficients: 

a. Vary directly with Mach number. 

b. Vary inversely with Reynolds number in the low pressure 
regions . 

c. Vary directly with Reynolds number in the high pressure 
regions . 

5.5 Data Repeatability and Accuracy 

The means for determining the repeatability of the data ere limited due 
to most of the instrumentation on the test plate being located in disturbed 
air flow regions. The comparison of heating rates on surfaces of protuber- 
ances that have the same forebody angle and height (figures 71 and 73) show 
good repeatability considering some variation in tunnel flow parameters. 

A good indication of the repeatability of the data is obtained by comparing 




the heating profiles In the wake regions at constant Mach numbers and 


varying Reynolds numbers (figures 66(b), 66(c), 67(b), 68(b), 68(c), 69(b) 
and 69(c)). The published accuracy limits (Reference 6) for determining 
heat transfer coefficients in the Langley Unitary Wind Tunnel Facility are 



CORRESPONDING 

test parameters 

HEAT TRANSFER COEFFICIENTS 

(BTU/sec-ft 2 -°R) ACCURACY 

Mach 

Number 

Re/ft 

>0.0150 ±1( # 

2.49 

3 x 10 6 

0.0010 to 0.0150 ±15# 

2.^9 

1.5 x 10 6 
6 


3.51 

3.0 x 10 

<0.0010 ±2C # 

3.51 

1.5 x 10 6 

f. 


4.44 

3 x 10° 


The instrumentation used for measuring pressures has an accuracy of 1 percent 
of full scale (720 psf). The possible pressure error of 7.2 psf is 
unaffected by Mach number. However, the error in pressure coefficient 


depends on Mach number as follows: 


MACH 

RE/FT 

AC 

NUMBER 

P 

2.49 

1.5 x 10 6 

0.0170 

3.0 x 10 6 

0.0090 

3.5:. 

1.5 x 10 6 
3.0 x 10 6 

0.0229 


0.0120 


3.0 x 10 6 


U.lH 


0.0161 




5.5.1 Correlation of Theory and Data 

5 . 5 .1 . 1 Test Plate 

Theoretical Stanton numbers (Reference 7) are plotted in figure 86 as a 
function of Reynolds number for the three test Mach numbers and temperature 
ratios (T^/T^). The experimental data points are in all cases substantially 
lower than the theory predicts . This lack of correlation has been noted in 
past Langley Wind Tunnel Tests that were run under similar conditions. 
However, it should be noted that good agreement between experimental data 
and theory has been achieved in Langley tests (Reference 8 ) that were run 
with relatively thin (O.T and 1.5 inches) boundary layers. It can 
generally be stated that agreement between theory and data improves with 
increasing Mach number and Reynolds number and also improves with decreasing 
boundary layer thickness. The reason for this is that thick boundary layers 
are associated with relatively low heating rates , making the departure from 
adiabatic wall conditions (conduction losses through the test plate) 
significant. However, the heat transfer coefficient ratios (h c /h cQ ^ g ) are 
not greatly aft ected since the data have been normalized. 

5 . 5 . 1.2 Centerline Surfaces of the Protuberance Models 





In general, the theoretical heat transfer coefficients are determined on 
the various surfaces by the following procedure: 


a. Forebody Surface 

A conical shockwave Is developed on the protuberance forebody 
corresponding to the upstream tunnel flow parameters. In the case 
of protuberances that are submerged in the boundary layer (Models 
No. 2, 5, and 9), a computer program is used to determine the local 
flow conditions within the boundary layer. The flow behind the 
shockwave is isentropically compressed to the conical forebody 
surface and the local flow conditions are determined. 

b. Centerbody, Forward End 

The flow at the outside edge of the boundary layer on the forebody 
surface is expanded around the cone/cy Under juncture using the 
Prandtl -Meyer relationships. Local properties are determined and 
the heat transfer coefficients are then calculated. 

c. Centerbody, Aft End 

The flow at the aft end of the protuberance centerbody is assumed 

to recompress from Prandtl-Meyer expansion to freestream conditions 

(C = 0). Heat transfer coefficients are based on flow properties 
' P 

behind the shockwave and freestream pressure. 

d. Afterbody 

Flow from the aft end of the centerbody is expanded to the forward 
end of the afterbody using Prandtl-Meyer relationships. Static 
pressure is assumed to return to freestream values at the tip of 
the afterbody. 

The theoretical heat transfer coefficients agree reasonably well with the 
test data on all surfaces of Models No. 2, 10, and 5 (figures 88, 89, and 
90, respectively). 
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A computer program was used to analytically adjust the data on Model No. 9 
(figure 87) to account for the conduction effects. The heat transfer 
coefficient data were taken to be directly proportional to the ratio of the 
Incremental temperature rise of an analytical model that considered no 
conduction to one that considered conduction. 

(AT A 6) no conduction 

h c . , * c, . X (AT/A0) with conduction 

adjusted data v ' 

6. CONCLUSIONS 

The Protuberance Heating Test Program has provided additional knowledge on 
wake heating phenomena. A more complete description of the protuberance 
wake in terms of disturbance heating effects (^ c /^ co>8 ) ^ 8S keen obtained 
for various shaped protuberances. The effects of Mach number and Reynolds 
number variation on wake heating both on the protuberance and in the wake 
region have been determined. 

A summary of the data evaluation shows the following trends: 

a. Wake heating effects produced from conical forebody/conical 
afterbody protuberances are still present up to 25 diameters 
downstream of the body (to the end of the test plate). It is 
not known at this time where normal flat plate heating returns. 

b. Heat transfer coefficient ratios on the protuberance surfaces and 

in the wake region increase with increasing Mach number and also 

increase with decreasing Reynolds number. The test Reynolds 

numbers are from 2 to k times higher than flight values due to 

tunnel and instrumentation limitations. The magnitude of the 

h /h values for Reynolds numbers equal to those during flight 
c' co, s , 

at the time of maximum aerodynamic heating can only be approximated. 


74 


J 
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c. Wake heating effects are confined to the observed (oil flow 
patterns) wake region for Mach numbers up to 3.51. At a Mach 
number of 4.44, tho latoral dloturbod hoatlng region extends 
outside of tho observed wako pattern. This disturbance effect Is 
soon to be larger In terms of protuberance dlaraotors for small 
models . 

d. The magnitude of the disturbance effect (h c /h 00 0 ) ln ^ wake 
region Is strongly dependent on the size of the protuberance with 
respect to the boundary layer thickness. 

e . The downstream increased heating effects in the wake region behind 
the boundary layer reattachment point are somewhat less for blunt 
afterbodies than for conical afterbodies. 

f. The magnitudes of the flat plate heat transfer coefficient data, 

h are from 45 to 60 percent lower than theoretical predictions, 
c 

This occurrence is consistent with past Langley Wind Tunnel tests 

that were run with relatively thick (6 inch) boundary layers. It 

is concluded, however, that the heat transfer coefficient ratios 

(h /h ) are not greatly affected since the experimental data 
' c' co, s' 

have been normalized. 

g. The heat transfer data on the surfaces of the protuberances 
correlate reasonably well with theoretical predictions • 
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TABLE 1. LOCATION OE INSTRUMENTATION THERMOCOUPLES 
AND PRESSURE-TAPS - LANGLEY TEST (Continual) 


. 

*-3 

£3 

Tnnt PUtn 

No. 


,,v 

No, 

X 

L 

fl'i 

31 .4 

(>,(» 

FI 

1.8.1 

-4 ,0 

fit; 

31.4 

H.o 

m 

16.0 

-4,o 

87 

31.4 

10.0 

F3 

16.0 

-8.0 

88 

31.4 

12.0 

F4 

83.7 

-4 .0 

Ho 

31.4 

14.0 

P5 

31.4 

-4.o 

no 

31.4 

16.0 

P6 

31.4 

-H.O 

<U 

36.4 

4 .0 

P7 

31.4 

-12.0 

02 

36.4 

lo.o 

PB 

36.4 

-4 .0 

93 

4l.4 

2.0 

PO 

4i.4 

-4 .0 

94 

4l.4 

4.0 

P10 

51.4 

•4 • 0 

05 

41.4 

6.0 

Pll 

6l,4 

-4.0 

06 

4l.4 

8.0 

P12 

61.4 

-8.0 

97 

4l.4 

10.0 




98 

4l.4 

12.0 




QQ 

41.4 

l4.o 




100 

41.4 

16.0 




101 

46.4 

2.0 

. 



102 

46.4 

10.0 




103 

51.4 

2.0 




lo4 

51.4 

4.0 




105 

51.4 

6.0 




106 

51.4 

10.0 




107" 

51.4 

i4.o 




108 

56.4 

2.0 




109 

56.4 

10.0 




110 

61.4 

2.0 




111 

6l.4 

4.0 




112 

61.4 

6.0 




113 

61.4 

8.0 




114 

6l.4 

10.0 




115 

61.4 

12.0 




116 

61.4 

14.0 




117 

11.9 

“6.0 




118 

17.6 

-10.0 




110 

21.4 

-6.0 




120 

20.4 

-10.0 




121 

31.4 

-10.0 




122 

46.4 

-10.0 




123 

56.4 

-10.0 
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TABLE 2. LANGLEY PROTUBERANCE HEATING TEST RUN SCHEDULE 



MODEL 

CONFIGURATION 




P I +M 9 

P l +M 9 

P I +M 9 

P i +M 9 

P l +M 9 

P 1 +M 2 

P 1 +M 2 

P 1 + ^ 

P 1 + ^ 

P 1 +M I0 

P 1 +M 10 

P I +M 10 

P 1 +M 10 

P 1 +M 10 
P L + m 5 

P l + M 5 


PARAMETER 

INVESTIGATED 


Calibration 
Calibration 
Calibration 
Calibration 
Calibration 
Calibration 
Wake Heating 
Wake Heating 
Wake Heating 
Wake Heating 
Wake Heating 
Wake Heating 
Wake Heating 
Wake Heating 
Wake Heating 
Wake Heating 
Wake Heating 
Wake Heating 
Wake Heating 
Wake Heating 
Wake Heating 
Wake Heating 



REYNOLDS 
NO. x 10' 


3.9439 
1.5727 
2.9434 
1.2896 
1 .7000 
3.1985 
3.0318 
1.5804 
2.9514 
1.5532 

3 .2185 
3.0695 
1.5705 
2.9789 
3.2592 
3.0394 
1.5546 

2.9698 

1.5614 

3.1722 

3.0264 

1.5586 


MACH NO. 


2.49 

2.49 


2.49 


2.49 


2.49 



2.49 















TABLE 2. LANGLEY PROTUBERANCE HEATING TEST RUN SCHEOULE (Continued) 


[©DEL 

CONFIGURATION 


P i + M 5 
p 1 + m 5 
P 1 +M 5 

P 2 ** + Mg 

P 2 +M 9 
P 2 + ^9 
P 2 +M 9 
P 2. + M 9 


PARAMETER 

INVESTIGATED 

DATA 

h,P* 

REYNOLDS 
NO. x 10 -6 

MAOH NO. 

Wake Heating 

h,P 

3.1848 

4.44 

Wake Heating 

h»p 

2.9351 

3.51 

Wake Heating 

h,p 

1.5426 

3.51 

Oil Flow 

hjP 

3.0529 

2.49 

Oil Flow 

h,p 

1.5578 

2.49 

Oil Flow 

h,p 

3.1983 

4.44 

Oil Flow 

h,p 

2.9475 

3.51 

Oil Flow 

h,p 

1.5519 

3.51 


*h- heat transfer 
p- pressure 

**P - plate with stringers 
P o - plate without stringers 
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Figure 2. Protuberance Models Basic Configurations (Side Views) 
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Figure 8. (Cont) Model No. 9 on Plate P 2 
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Figure 9. (Cont) Model No. 10 on Plate P 
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Figure 10. Langley Protuberance Heating Test-Heat Transfer Coefficients 
and Pressure Coefficients; Calibration Runs 













Figure 11. Langley Protuberance Heating Test-Heat Transfer Coefficients 
and Pressure Coefficients; Calibration Runs 
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Protuberance Heating Test-Heat Transfer Coefficients ; Calibration Runs 

















Protuberance Heating Test-Pressure Coefficients; Calibration Runs 
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Figure 16. Langley Protuberance Heating Test-Heat Transfer Coefficients (be) 
and Pressure Coefficients on Smooth Plate 
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Figure 17. Langley Protuberance Heating Test-Heat Transfer Coefficients (be) 
and Pressure Coefficients on Smooth Plate 






Protuberance Heating Test-Heat Transfer Coefficients (he) 
d Pressure Coefficients on Smooth Plate 





Figure 19. Langiey Prctoberance Heating Test-Heat Transfer Coefficient Ratios (fi c %o„s) 
and Pressure Coefficients on Plate with Stringers 





















Figure 21. Langley Protuberance Heating Test-Heat Transfer Coefficient Ratios (hc/hco.s) 
and Pressure Coefficients on Plate with Stringers 


























Figure 23. Langley Protuberance Heating Test-Heat Transfer Coefficient 
and Pressure Coefficients on Plate with Stringers 



































Protuberance Heating Test-Heat Transfer Coefficient Ratios (h K /h C o,s) 
and Pressure Coefficients on Plate with Stringers 
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Protuberance Heating Test-Heat Transfer Coefficient Ratios (h c /h C o,s) 
and Pressure Coefficients on Plate with Stringers 






















Figure 31. Langley Protuberance Heating Test-Heat Transfer Coefficient Ratios (h,ffi c0 .s) 
and Pressure Coefficients on Plate with Stringers 
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Protuberance Heating Test-Heat 
and Pressure Coefficients on PI 






























































Protuberance Heating Test 
and Pressure Coefficients 




















Protuberance Heating Test-Hea* Transfer Coefficient 
and Pressure Coefficients on Plate with Stringers 


































Protuberance Heating Test-Heat Transfer Coefficients (hc» on Sfcrfel fie. 









Figure 49. Langley Protuberance Heating Test-Heat Transfer Coefficient Ratios (hc/hco,s) 
and Pressure Coefficients on Plate with Stringers 
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Figure 51. Langley Protuberance Heating Test-Heat Transfer Coefficient Ratios (h c /hco,s) 
and Pressure Coefficients on Plate with Stringers 


















RUN: 5-3 

MODEL CONFIG: Pi + M 5 
M=4.44 

RE/FT = 3.1848 X 10 & 



Figure 52.' Langley Protuberance Heating Test-Heat Transfer Coefficients (he) on Mode! Mo. 5 





Figure 53.. Langley Protuberance Heating Test-Heat Transfer Coefficient Ratios (hc/l»co,s) 
and Pressure Coefficients on Plate with Stringers 











RUN: 5-4 

MODEL CONFIG: Pf + M, 
M = 3.51 

RE/FT = 2.9351 X 10* 








Figure 55. Langley Protuberance Heating Test-Heat Transfer Coefficient Ratios (lic'hco.s) 
and Pressure Coefficients on Plate with Stringers 












RUN: 5-5 
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and Pressure Coefficients on Smooth Plate 




Fisure 60 . Langley Protuberance Heating Test-Heat Transfer Coefficients (hr) 
and Pressure Coefficients on Smooth Plate 




and Pressure Coefficients on Smooth Plate i 
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(C) EFFECT OF REYNOLDS NUMBER AT M - 3.51 

SOLID SYMBOLS, Re/FT = 1.5 X 10« 

OPEN SYMBOLS, Re/FT = 3 X 10* ___ 


Figure 66. Lateral Heat Transfer Coefficient Ratios hc/hco,s 
in the Turbulent Wake Region of Model No. 9 
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DOWNSTREAM 


(a). EFFECT OF MACH NUMBER AT Re/FT- 3 X 10* 
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(b). EFFECT OF RE/NOLDS NUMBER AT M •= 2.49 
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Figure 67 Lateral Heat Transfer Coefficient Ratios hc/hco,s 
in the Turbulent Wake Region of Model No. 2 


w 








1.0 1.5 2.0 1.0 1.5 2.0 2.5 1.0 1.5 2.0 2.5 1.0 1.5 2.0 2.8 1.0 1.5 2J2.53.0 


llo n ■ 

m 


mi 






— DOWNSTREAM 

(a) EFFECT OF MACH NUMBER AT Re/FT = 3 X 10* 

l>c/llCO,S 

1.0 1.5 2.0 1.0 1.5 2.0 1.0 1.5 2.0 2.5 1.0 1.5 2.0 2.5 1.0 1.5 2.0 2.5 1.0 1.5 2.02.5 3. 
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(c) EFFECT OF REYNOLDS NUMBER AT M = 3.51 


Figure 68. Lateral Heat Transfer Coefficient Ratios hc/hco,s 
in the Turbulent Wake Region of Model He. 10 
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Figure 69. Lateral Heat Transfer Coefficient Ratios hc/hco,s 
in the Turbulent Wake Region of Model No. 5 
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Figure 70(b).. Cross Sectional Distribution of the Ratio of Model Heat Transfer Coefficient 
To Flat Plate Heat Transfer Coefficient on Model No. 9 
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Figure 71(a). Axial Distribution of the Ratio of Model Heat Transfer Coefficient 
To Flat Plate Heat Transfer Coefficient on Model No. 2 







Figure 71(b). Cross Sectional Distribution of the Ratio of Model Heat Transfer Coefficient 

To Flat Plate Heat Transfer Coefficient on Model No. 2 









f>c/hco,s 


0 M - 2,49, Rfi/FT - 3.0394 X IQ 6 
0 M - 2,49, Rfl/FT r, 1,5546 X IQ 6 
h M- 3,51, Rfl/FT - 2,9698 X 10 6 
k 3.51, Rfl/FT 1.5614 X 10 A 

Q M 4.44, Ro/FT • 3,1722 X 10* 


AIR FLOW 




Figure 72(a). Axial Distribution of the Ratio of Model Heat Transfer Coefficient 
To Flat Plate Heat- Transfer Coefficient on Model No. 10 
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Figure 81. Lateral Heat Transfer Coefficient Ratios (he hco,s) Superimposed on Observed Oi! Flow Patterns 

Model No. 5 


















Figure 82. Pressure Coefficients in the Wake Region of Model No. 












Figure 83. Pressure Coefficients in the Wake Region of Model No. 2 







Figure 85. Pressure Coefficients in the Wake Region of Motel No. 5 
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Material Proportle 


McKol 

Thermal conductivity 
Heat capacity 
Density 

Stainless Steel 

Thermal conductivity 
Heat capacity 
Density 


0.0136 Btu/oGC-ft-°R 
0.104 Btu/l'b-°R 
554.69 lb/ft 3 


0.0023 Btu/sec-ft-°R 
0.108 Btu/lb-°R 
501.12 lb/ft 3 
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APPENDIX - 4C ALQUIATXON -OEJfEAT .TRANSFER COEFF.ICXETOl 


The data woro reduced "by langley Research Center using tho mathod below. The 
material properties used In tho computations were determined by Douglas. 


Equations for Data Reduction 

^aero ° ^stored + ^losses 

Neglecting losses the equation can be written: 

dT 

h (T e - T w ) . Kb. 

and by rearranging: 

T t t 

r- / T o“- / V 4t 

0 o o 

T 

where is experimentally determined. 


Wbc 

h 


/ 

0 ? 


'w.t 


W,0 


dT 


Thus 


h 



< T w.t • Vo 1 
t t 

2 t o^- 2 V‘ 


o 


0 


Considering the data obtained from the previous. teBt, the losses due to conduc- 
tion were neglibible. Therefore, no conduction corrections were made on the data 
obtained from this test. 
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: ' V * 

\ i: > 

i 

■ Data Reduction (Cont) 

flymbolp 

" ^ a ‘toncily of akin .1 b/ft^ 

. ; be skin thickness, ft 

\, t c ■ specific heat of skin material, Btu/lb-°R 

k " heat COnductivi ty Of skin, Btu/sec-ft-°R 
. . ; h “ heat tra nsfer coefficient, Btu/sec-ft 2 -°R 

4 * aerodynamiG heat input, Btu/sec-ft 2 

-.Vf T e = equilibrium temperature, °R 

•*i T o = stagnation temperature, °R 

T w = mode l wall temperature, °R 

X,Y " dl8taace between adjacent thermocouples 
Subscripts 

t 

j ° time zero, unless defined otherwise 

1 time greater than zero 

n Pertaining to thermocouple location 

* & t time interval 


\ \ 
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